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ABSTRACT 
 
Proton exchange membrane (PEM) fuel cells are clean energy sources which are 
offering solutions to some problems that are caused by climate change and global 
warming. One of the biggest obstacles in the way of development of PEM fuel cells is 
the high price of the Pt catalyst; this makes up a large percent of the total cost of the fuel 
cell. Our research group achieves high fuel cell performance using non-precious, Fe-
CNT-PA. This new catalyst can make PEM fuel cells more commercial in future 
applications. This research tests fuel cell performance using this new catalyst and 
compares it to the commercial Pt/C catalyst. We propose that Fe-CNT-PA has a good 
catalytic activity as the PT catalyst. The results of the fuel cell test shows the 
performance is close to commercial cathode material activity, but more research is 
necessary to advance the performance of the non-precious catalyst.  
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1 MOTIVATION AND INTRODUCTION 
 
 Nowadays, climate changes and global warming cause numerous changes that 
affect our life. The irreversible risks and ruinous outcomes of the global warning have 
been concerned politicians and scientists to prevent harmful effects of it. To see the signs 
of the global warning, the average temperature of the twentieth-century all over the 
ocean and land surfaces was 0.9oC lower the September 2015[1]. From the 
Intergovernmental Panel on Climate Change (IPCC) forecasting, temperature of the 
world will be increased 2oC at the current rates of the CO2 distribution level by the 2100. 
This amount of the rise may cause numerous harmful effects at the climate of the 
Earth[2]. To stay the 2oC range, rate of the greenhouse gases (GHG) should be lower 
than 31-44 gigatonnes of the CO2 by 2030[3]. The high percentage of the greenhouse gas 
emissions is obtained by the transportation sectors and electricity power plants. One 
third of the energy usage that is 45000 TWh of the usable energy[4], uses up by the 
transportation sectors per year[5]. Mainly fossil fuels uses to meet up this much amount 
of the demand and, especially at the transportation area the demand is much more 
dependent to fossil fuels. In the main energy source is, the all areas included, the fossil 
fuels which is the one of the primarily source of the global warming. For this reason we 
should shift the fossil fuels to environmental friendly energy sources to keep the trend of 
the GHG at a certain lever. To solve the primarily requirement of electrical vehicles and 
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different types of the source of the energy, it is mostly recommend to utilize the fuel 
cells and batteries[6, 7].  
 A fuel cell creates DC electricity from the chemical energy of the fuel via the 
redox reaction at the anode, release the electron to the external circuit, and cathode that 
get electrons from the external circuit. Briefly, it is an electrochemical energy converter. 
In 1839, Sir William Grove who is the pioneer of the fuel cell, discovers the general 
theory of the energy conversion[8]. This discovery stays a scientific curiosity since the 
production fuel cell whose capacity is 6 kW by Francis T. Bacon in the late 1950s. 
Moreover, N.A.S.A used the PEM fuel cell at the Germini and Apollo Space Programs 
to produce energy for the basics life necessaries for the astronauts. Willard Thomas 
Grubb from the General Electric (GE) created the first one and regenerated with 
platinum as catalyst on the cathode by Leonard Niedrach. In 1993, fuel cell exampled 
with bus by the Ballard Power Systems. The first passenger car, Green Car, used the fuel 
cell as an energy source[9]. Last decade, due to high impact of the global warning, 
companies and the governments are funding the research about the fuel cells. These 
researches are focused on making the operation performance better and reduce the cost 
of the MEA to make the fuel cell competitive with the fossil fuels. In the middle of the 
2000s, CUTE project in Europe demonstrate fuel cell buses from Australia, Europe and 
China. Due to low emission ratio, high combustion efficiency and easy to refueling 
processes, it shows possible investments at this area by companies. Over the last decade, 
fuel cell applications are not only increase at the transportation but also various 
applications like portable educational fuel cells for teaching the basics of the 
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electrochemical systems. Moreover it uses at some factories that consume their energy 
from fuel cells up to 40-kW. All these developments at this area force the governments 
to invest it due to possible job creation and economic advantages.  
 Fuel cells are electrochemical units that generate electricity via redox reaction at 
anode and cathode. During the oxidation reaction, the protons unleash and transfer to 
cathode. Because of the non-electrical conductivity of the membrane, electrons 
disengage from the hydrogen flow go through the electrical detour fulfill and that 
generate the DC electricity. This reaction represented at the below figure. 
 
 
Figure 1-1 Representation of a PEM fuel cell redox reaction 
 
Fuel cells named by using kind of the electrolyte, namely  
• Alkaline fuel cell (AFC) is the most electrical efficient fuel cells however; it is 
only the case of the pure gases that is also its major disadvantage in practical use. 
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The KOH electrolyte with 85-wt% is used for high temperature and 30-35 wt% 
used for the lower temperature applications. The main reason make it more 
affective system is ORR kinetics is faster in alkaline solution rather than acid. 
One drawback of this fuel cell is low tolerance to CO2. 
• Proton exchange membrane fuel cell (PEMFC) uses a very thin proton 
conductive polymer membrane, like perfluorosulfonated polymer, as an 
electrolyte. It operate at lower temperature, typically 60-80oC, were used at 
NASA missions at first. Due to low kinetic speed, platinum uses as a catalyst to 
advance the kinetics of the system. The most important development at these 
cells is the using of the Nafion membranes, which are more stable than the 
polystyrene sulfonate one. It is promising area of the future of automobile 
industry and small-scale power generation, and portable devices[10]. 
• Direct methanol fuel cells (DMFC) are mainly similar to PEMFC that uses 
different fuel, methanol, rather than hydrogen as source of the fuel. Due to 
methanol can easily get from numerous kind of resources, natural gas, biomass, 
etc., and high specific density of energy, it is favorable to low temperature 
applications. Very few alcohols can consume directly as a fuel in fuel cells and 
one of them is the methanol. Furthermore, it can be consumed electrochemically. 
The concentration of the liquid methanol at the anode is important to achieve the 
fraction of the fuel. Therefore, the devices called methanol sensors which 
measure current are curial to operate the DMFC[11]. 
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• Solid oxide fuel cells (SOFC) use nonporous MO (metal oxide) as electrolyte. Its 
operation temperature is high, 800 – 1000oC, where it hard to find appropriate 
materials that have thermal and chemical stability at high temperature. Moreover, 
due to the solid electrolyte, there is no leakage problem, which can be seen at 
liquid electrolyte fuel cells. This type of the cell is an also well water 
management cell due to the straightforward solid-gas system. 
• Molten carbonate fuel cell (MCFC) has the molten carbonate that is the 
composition of electrolyte combination of Li, K and Na, which can enhance with 
Al2O3 fibers that improve the mechanical properties of the fuel cell. One of the 
biggest advantages of the MCFS is the operation temperature that is between 600 
to 700oC where the ionic conductivity is higher and less precious catalyst need to 
operate the fuel cell. The efficiency of the MCFC can reach up to 70% depends 
on the operation temperature when other power generations are used with it[12]. 
• Phosphoric acid fuel cells (PAFC) use precious metal (Platinum) catalyst to its 
anode and cathode due to low operation temperature that is between 150 and 
200oC and the electrolyte material is concentrated phosphoric acid. 
Oxygen reduction reaction (ORR) is the main electrochemical reaction for conversion of 
the electrochemical energy at fuel cells[13]. Nevertheless, its sluggish ORR kinetics due 
to O=O bond activation/ cleavage and three different phases of the reaction restrict our 
control mechanism of the performance. The slow kinetics of ORR require huge amount 
of loading of precious metal catalyst, Pt- based catalyst, that is unfavorably accompanied 
by the increased cost of the fuel cell. Moreover, Pt-based catalyst gives the great in terms 
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of stability and also low over potential[14].  From the date of the DOE, United States 
Department of Energy, the cost ration of the Pt-based catalyst to all over the fuel cell 
stack is 56% that is the project cost[15, 16]. Hence the high ratio of the cost of the fuel 
cell depends on the Pt-based catalyst, reduction of the cost linked to catalyst directly. 
Due to stability and advanced ORR electrochemistry are primarily obstacles; testing 
vehicles use 0.4mg per square centimeter of more on the cathode for mass production.  
Over the past decades, numerous searches try to reduce cost of the making stack fuel cell 
by decreasing amount of the Pt-catalyst or even new materials as catalyst without losing 
any performance or durability of the fuel cell. From the advanced material science and 
nanotechnology, there is major improvement in designing and synthesis of Pt-based or 
non-precious metal catalyst over the past decades[17-19]. This chapter gives a brief 
background and motivation into why non precious metal catalyst is important to 
development of the next generation of fuel cell.  
 Among the numerous non-precious metal catalyst, metal-nitrogen complexes on 
the carbon base materials are the best candidates because of the reduced price, high 
stability and activity[20-23]. However, it has suffered from several problems which are 
active sites anion bonding or weak performance of the nitrogen in acidic 
environment[24]. There are several theories about the effect of the transition metal in 
carbonaceous material doped with nitrogen. On the one hand, transition metal involves 
the ORR by transferring electron from electrode to oxygen[25]. On the other hand, 
transition metals only help to create nitrogen doped carbon nanostructures while process 
of the nitrogen incorporation. At this theory, it is assumed it is not the participant of the 
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reaction or assists the electron transfer[26]. In this thesis, I use the catalyst which is 
designed by our group, new nitrogen doped carbon nanotube based catalyst with iron 
that is promising a new catalyst which can be replace with Pt-based catalyst.  
 All aforementioned advancing catalysts make the fuel cells more promising 
energy source for next generation. There are several properties make the non-precious 
metal catalyst attractive to research. They offer numerous benefits: 
1. High Efficiency- due to efficiency of the fuel cell is higher than the efficiency of 
the traditional engines, fuel cells promises more investment for automotive 
industry. Moreover, its efficiency is also higher than the power plants, so fuel 
cells are attractive for power generation. 
2. Zero emission- Due to fuel of the PEM fuel cells is hydrogen; it generates zero 
emission after the chemical reactions. Even though the exhaust products are 
water and unused air, there is no direct hydrogen source that use as available 
fuel. While generating the hydrogen as fuel, there is also some emissions are 
generated but the amount of emission is too low when we compare the ratio of 
the conventional energy transfer systems. 
3. Promise to low cost- the mechanism of the fuel is simple and there are no moving 
parts, hence the possibility to mass production is extremely high. Especially at 
the automobile applications, due to low cost of our new catalyst it is more 
comparable to traditional power sources. Due to promising developments of the 
fuel cell’s catalyst mass production techniques are still developing. 
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4. Quiet-Due to no moving parts and the noise free chemical reactions, they are 
inherently soundless. It is an important feature for various kinds of applications 
for instance military applications, portable power sources and power stations for 
back up. 
5. Size and weight- there are several types of fuel cells depends on their kind of 
applications that changes between microwatts to megawatts. When we compare 
the size and weight of the energy source of the automobile. Fuel cells are more 
effective than the traditional combustion engines thus it suggest advantage over 
the competing the developments on this industry. 
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2 LITERATURE REVIEW 
 
2.1 Origin of the Oxygen Reduction Reaction for Fuel Cells 
 
 The origin of the Oxygen reduction reaction (ORR) is still not clear due to its 
complex sluggish kinetic. It occurs at the cathode and the catalyst material for has to be 
stable under the harsh conditions but also, chemically active to reduce the oxygen. 
Furthermore, it has to be noble for effortlessly remove the water from the surface of the 
catalyst. It is critical to complete the reaction at catalytic site.  
2.1.1 ORR at Transition Metals 
 
 For transition metal catalyst two-electron reduction is more common at less 
active metals and four-electron reduction is common at highly active transition metals, 
such as Pt. At the ORR, There are three hurdles steps whose are electron transfer of the 
first electron at ORR, desorption of the environment and hydration of oxygen.  
 At the proton exchange membrane fuel cell (PEMFC, cathode electrode is the 
main reason of the voltage losses due to its sluggish kinetics. In the acidic media, there 
are two main paths of the ORR[27]. On the first path, four-electron transfer caused the 
water formation. Firstly, metal surface adsorbs O2 and O=O bond is broke that gives O* 
(adsorbed oxygen).  These atoms are protonated by the H+ that come across from the 
anode side of the PEM and reduced to OH* (hydroxyl). Herein, OH* is more protonated 
  10 
and reduced to produce water that is going to leave the surface of the catalyst[28]. The 
first path can be shown like: 
 
½ O2 + * èO* 
O* + H++e- èOH* 
OH*+ H++e- èH2O+* 
O2+ 4H++4e- èH2O (overall reaction) 
 On the second path, it is the case of the bonding of the O=O bonds do not break 
while the O2 adsorption. In this way, two-electron reduction is observed even though the 
mechanism is not clear. After this reaction H2O2, which is undesirable, is produced [28]. 
Hydrogen peroxide is mostly undesirable because it degrades the membrane of 
electrolyte. 
O2 + * èO2* 
O2* + H++e- èHO2* 
HO2*+ H++e- èH2O2* 
H2O2*èH2O2 + * 
O2+ 2H++2e- èH2O2 (overall reaction) 
 
 Through the amount of the H2O2, the activity of the catalyst can be 
determined[29]. One of the criteria of a good catalyst is the amount of the hydrogen 
peroxide should be low. However the kinetics of the ORR and HOR are not similar, 
reaction rate trends are similar at different electrodes.  Activity of the catalyst should be 
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strong enough to aid a reaction but not too strong which causes block of the activity. In 
the case of binding interaction is not too strong, the substrate cannot adsorb well on the 
catalyst itself. Herein, there may be slow reaction or may not take the place. 
Additionally, if the binding energy is further powerful, the surface of the catalyst will be 
baffled by product and activity of the catalyst will end. From the Sabatier principles [30] 
illustrated the relationship between substrate and catalyst. Recently, Norskov et al. using 
density functional theory (DFT) to calculate the free energy of the all agents as function 
of the potential of the electrodes [28, 31, 32]. These results are depicted by Balandin’s 
volcano that shows the activity of the catalyst versus adsorption energy for the ORR.  
 
 
Figure 2-1 Trends of the activity in ORR as a function of the oxygen binding 
energy[28] 
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Figure 2-1 depicts various metals and O atoms binding energy versus oxygen 
reduction activity. From this plot, Pt is the best candidate to be catalyst by its high 
theoretical activity peak from the DFT calculations. Through the aforementioned steps 
of the ORR, there are two steps need catalyst more to activation. First bind O then, bind 
the OH. Herein, figure 2-2 is illustrated Pt is the best metal catalyst that is close the 
optimal binding energy at the activity against not only for O but also OH binding 
energies. 
 
  
Figure 2-2 Oxygen bonding versus ORR activity (top figure), trends of ORA as 
parameter of O and OH binding energy (bottom figure) [28] 
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2.1.2 ORR at Non-Precious Metal-Based Catalyst 
 
 Non-precious metal catalysts are getting more popular by the recent push for the 
mass production of the various energy sources. The most promising catalyst for the ORR 
is transition metal (Fe, Ni, Co. etc.)-Nitrogen-carbon materials, which are abundant at 
the nature. Since Jasinski et al. figured out the metal phthalocyanines featuring an MNx 
center are able to be catalyst in ORR under acidic ambient there is an encouraging 
improving at M-N-C types of electro catalysts as catalyst at ORR[33]. However, 
mechanism of the M-N-C catalysts is still not clear. There are several theories about 
what part of M-N-C catalysts are the active side of it. One of them is, MNx will not be 
the only active side. The carbon black that delivered during the heat treatment, is one of 
the high catalytic active side[34]. On the other hand, many others proposed metal sites of 
the MNx are not a part active part of the catalyst structure, but it centers catalyze the 
pyridinic and pyrrolic nitrogen[35]. The one method to use metal to catalyze the 
catalytic layer is creating special catalyst architecture by growing the carbon 
nanostructure rather than using the metal as catalyst. Specific structure of the carbon is 
created at the edge planes, which cause higher amount of the pyridinic nitrogen at the 
catalyst. The possible role of the Fe is that helps growth of the CNT with higher 
percentage of the catalyst surface, whether the forerunner, which is pyrolyzed in an 
organic macro-cycle and or CNx species[36-38]. From these different approaches, it is 
elusive conclusion if the pyridinic nitrogen played the direct role in the ORR or its role 
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is more indirect nature by advancing the electron donation ability of the carbon basis 
structure.  
2.2 Non- Precious Metal Catalysts 
 
 Due to low cost, high durability and activity, M-N-C composition catalysts are 
the most popular through the numerous non-precious metal catalysts[21]. Small organic 
molecules such as acetonitrile or pyrrole[39], PANI, inorganic metal sources like 
ammonia gas [25] and metal-N4 [40] are generally used as N source. Researches state 
catalyst delivered by polyaniline are more reactive to ORR[41]. Moreover, Zelenay 
group use PA-Fe-C and Pa-Co-C catalysts to compare which is more active in ORR. The 
results show best performance can achieve from their combination that is mixed-
transition metal catalyst[23].  
 Yu group develop new catalyst whose base material is randomly rotated nitrogen 
doped-CNT sponge with various types of nitrogen with Fe as a metal component by the 
way to produce it massively. It shows good performance while compare it to commercial 
precious metal catalyst. This group claimed the high performance of the catalyst due to 
its porous structure[42]. 
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3 CHARACTERIZATION OF THE CATALYST 
 
3.1 Imaging the Fe-CNT-PA Catalyst 
 
 Scanning electron microscope (SEM) and transmission electron microscope 
(TEM) are using for exploring surface architecture of Fe-CNT-PA and getting high 
quality images of the Fe-CNT-PA surface at high quality.  
 At TEM Fe-CNT-PA used to research the amounts of the graphitic lines and the 
distribution of these lines. Small amount of the sponge is put in a solvent. Ethanol was 
used as a solvent, which dries quickly. Sonication of solution for few seconds is used to 
disperse particles well. Then 1 microgram of the solution is dropped to the carbon grid. 
TEM images were obtained with JEOL JEM-2010 TEM with 200 kV accelerating 
voltage and LaB6 filament. Gatan SC1000 ORIUS CCD camera (Model 832) was used 
to attain images. Interlayers distance between the graphitic lines that is 0.34nm, were 
measured to calculate the calibration. All TEM samples were mounted on a non-tilted 
sample holder.  
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Figure 3-1 TEM images of Fe-CNT-PA 
  
 Transmission electron microscope images show that there are several graphitic 
layers are on the CNT walls. Also, amorphous layers, which created due to the 
polyaniline coating, can be seen. From the lower magnification images, diameter of the 
multi-wall carbon nanotubes is approximately 190nm,and the distance of the two 
graphitic layers is 0.34nm. 
 A scanning electron microscope (SEM) image obtained by JEOL JSM-7500F 
shows high porous structure of the catalyst with comparison the commercial Pt/C 
catalyst at figure 3-2.  
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Figure 3-2 SEM images of the Fe-CNT-PA and Pt/C. The scale bar for these images 
is 10 mm for the left column and 4mm for the right one.[43] 
  
 
 
 
 
 
 
Supplementary Information: Yang, Choi, Pu, and Yu                                                                                                                5  
 
Fig. S5: SEM images of the catalyst ink made of Fe-CNT-PA (a,b) and Pt/C (c,d). The ink was dopped 
and dried on copper foils for taking the SEM images. The scale bars indic t  10 μm for (a,c) and 4 μm for 
(b,d).    
 
 
Fig. S6: RDE test results at 1600 rpm and lower rotating speeds (every 150 rpm) with Fe-CNT-PA in O2-
saturated 0.5M H2SO4 for a and O2-saturated 0.1M KOH for b.     
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3.2 Electrochemical Characterization of the Fe-CNT-PA Catalyst 
 
 Cyclic voltammetry (CV) and rotating disk electrode (RDE) are standardized 
techniques for characterization of the catalyst in case of catalytic activity at the ORR. 
Thus, this part focused on the two experiments with different types of inks and 
conditions. 
 Figure 3-3 shows cell set up for CV and RDE electrochemical analysis. It is 
designed there electrode, reference, counter and working electrodes, glass cell. The 
electrolyte is O2 saturated that takes 30 minutes (before the test) with 100sccm in 200 
mL of 0.5 M H2SO4. During the electrochemical measurements, O2 is keeping to feed to 
the electrolyte to support O2 saturation while obtaining the results of the electrochemical 
tests.  
 
 
Figure 3-3 Cell setup for electrochemical testing 
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3.2.1 Sample Preparation for the Electrochemical Measurements  
 
 Samples were obtained ink for to measure their electrochemical catalyst 
activities. To achieve homogeneous ink, a 7 mg catalyst and 160 µL Nafion solution (5 
wt%, Fuel Cell Earth) were dissolve in DI water and ethanol, EMD Millipore (%80-
%20) by pen-type sonication for 30 minutes. Electrochemical tests used an 
electrochemical workstation (CHI 640D, CH Instruments). From figure 3-3, three-
electrode system using a platinum wire as a counter electrode and Ag/AgCl as a 
reference electrode. 5 µL of catalyst ink has been dropped on the glassy carbon 
electrode, working electrode. Furthermore, same amount of the Pt/C catalyst ink 
prepared as the same method to compare results. After dropping, 0.5 mg cm-2 catalyst 
loaded on the glassy carbon whose diameter is 3 mm. 
 
 
Figure 3-4 Glassy carbon linked with coated carbon paper 
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3.2.2 Cyclic Voltammetry  
 
 Cyclic voltammetry is the one way to get information about the catalytic activity 
of the catalyst in the ORR. This method considers of cycling of the potential between 
chosen upper and higher points and saving the current. These interspaces are chosen by 
the interest of the thermodynamic potentials of the reaction if interest that is ORR in my 
research. The definition of the voltammetry is the resulting current density versus 
potential. The peak potential and the peak current density can derive the catalyst activity.  
 Figure 3-4 shows a typical CV of the oxygen reduction reaction on the 
commercial Pt catalyst. At this figure potential window range is between -0.3 and 1.2V. 
As seen at the figure, oxidation happens at increasing potential and reduction at the 
decreasing potentials. On the one hand, all along Pt catalyst surface absorbs the 
hydrogen atoms at oxidation, hydrogen atoms get off and transfer of the H atoms 
through the electrolyte. On the other hand, while potential decreases, Pt oxides reduce to 
Pt that is the proof of the reduction peak at CV. This peak is directly related with ORR. 
From the degree of the potential and absolute value of the peak we can indicate the 
catalytic activity of the sample. 
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Figure 3-5 CV analysis of the Pt catalyst at PEM fuel cell [44] 
 
3.2.3 Linear Sweep Voltammetry 
 
 In linear sweep voltammetry (LSV), voltage of the cell is glide only in one way; 
therefore it is similar to half of the CV. To get the diffusing limited current LSV is 
measured at a relatively slow sweep ratio that is not dependent on the potential. These 
properties of the rotating disk electrode make it one of the most popular methods of 
characterization of the kinetic feature of the catalyst. RDE controls the convective 
diffusion, which is defined as the moving species because of the external forces. At this 
experiment, convection can control by the speed of the rotation of the electrode. By 
controlling the convection, density of current is up to 100 times greater than steady state 
diffusion restricted value.  
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3.2.4 Electrochemical Impedance Test 
 
 Electrochemical impedance spectroscopy allows measurement of the process 
occurring with numerous time scales, like as charge transfer, ion conduction, mass 
transport and double layer charging. Essentially, it is a measure of the ability of the 
system to impede electrical current. Current signal, whose frequency and amplitude are 
known, is applied to measure the amplitude and frequency of the resulting signal. 
Several equivalent circuits models (resistor, capacitor, inductor, etc.) are needed to 
convolute the final impedance spectra and data, which we are looking for.   
 
 
Figure 3-6 Eq. circuit showing a fuel cell[45] 
 
 Figure 3-6 is depicted, where Rct is charge transfer resistance, Re is both ionic 
and electronic resistance, C is the capacity and ZW is Warburg impedance, which is 
accounting for mass transportation. 
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4 EXPERIMENTAL SETUP AND PROCEDURE 
 
4.1 Catalyst Ink Preparation and Coating the Cathode Electrode 
 
 DI water based ink was prepared by 50 mg catalyst, 8.3 mg MWC and 24.9 mg 
solid Nafion solution (5 wt%, Fuel Cell Earth) were dissolve in DI water and IPA, by 
pen and bath type sonication for 3 hours and over night, respectively. The weight of the 
catalyst and amount of the 5% Nafion to the catalyst were calculated using: 
mcatalyst= Acathode* Gcat 
𝑚!%!" = 100%𝑤!" ∗𝑚!"#"$%&# 
where mcatalyst is the weight of catalyst for the ink, Acathode is the membrane surface area, 
Gcat catalyst loading amount on the paper and m5%NF is the amount of five-weight 
percentage of Nafion solution. 
 The weight of the catalyst is calculated depends on the loading weight that is 5 to 
10 mg/cm2. From the RDE results of several samples, using MWC will improve the 
electrical conductivity therefore 10% of the total amount of the ink of the MWC (Outer 
diameter: 8-15 nm; length: 10-50 um) is added. 
 Figure 4-1 depicted homogenous mixture of the slurry after pen and bath type 
sonication for 3 hours and over night, respectively.  
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Figure 4-1 Fe-CNT-PA catalyst slurry 
 
 Catalysts were coated onto the surface of the 5cm2 area GDLs by several 
methods, which are dipping, syringe, rolling, spray gun and drop casting. Figure 4-2 
shows these methods from (a) to (d). At the rolling method, a square piece of glass is 
used as base and use tape on the edges of the glass to create the cavity that can determine 
the catalyst layer thickness. This method is not a good option due to fluidal feature of the 
ink and there is a huge amount of catalyst is attached on the roller. At the (b), dipping 
method, the 3 mm2 and 130 mm thick sponge dip to the catalyst ink in 30 minutes. After 
this time period, it puts on the heater to dry it up. It is an effective way to load the 
catalyst however; making the MEA is the biggest problem at this method due to brittle 
feature of the cathode electrode after drying. The third method (c) is also use same size 
of the sponge to syringe the catalyst in the sponge but it is not an effective way to 
deposit the ink because dried ink stuck at the needle after a while. The other way of the 
loading of the catalyst is the spraying the catalyst ink on the GDL. Unfortunately, only 
1/5 of the catalyst is attached the GDL that amount is pretty low to reach the high 
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amount of the loading rates. It is caused by the spray gun and process itself. It can be 
improved by a better spray gun. The last method is the dropping the catalyst on the 
carbon paper and heater can be use to get faster results. 
 
  
	  
Figure 4-2 Various coating methods of the catalyst (Fe-CNT-PA), (a) rolling (b) 
dipping (c) syringe (d) spray gun 
 
a b 
c d 
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Figure 4-3 Coating method of the catalyst (Fe-CNT-PA), drop coating 
 
4.1.1 Surface Imaging of the Cathode Electrode After Coating 
 
 One of the performance parameters of the fuel cell test system is the surface 
morphology of the cathode, which wills causes the voltage loses due to improper surface 
condition. 
 
Figure 4-4 Optical microscope set-up with polarizer and analyzer lenses 
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Figure 4-5 Surface morphology of different types of cooling ambient 
 
 
Figure 4-6 Surface morphology of the commercial Pt/C cathode material 
 
4.2 MEA (Membrane Electrode Assembly) Preparation 
 
 The membrane electrode assembly is made of anode, Nafion 117 membrane and 
Fe-CNT-PA catalyst coated cathode electrode. Anode is commercial 10% Pt loaded 
carbon paper (Fuel Cell Earth). Cathode site is prepared by drop casting method and the 
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amount of the catalyst is 8 mg/cm2. As depicted Figure 4-7, the first step of the MEA is 
the drop coating of the catalyst on the cathode electrode. Secondly, stacked anode, 
Nafion and cathode press at hot press at 130oC, 0.4 ton/cm2. 
 
  
Figure 4-7 MEA assembly 
  
 After coating of the catalyst, it can be observed the thickness of the cathode 
electrode increases approximately 100% of the original thickness of the cathode. From 
the analysis of the modeling charge transfer in porous electrode, cathode reactions are 
kinetic limited reactions and also limited by electron and proton conduction sides which 
are at different phases (solid and electrolyte) potentials do change transfer through the 
cathode. In general, proton conduction limitation can be seen mostly toward at the end of 
the current collector side or at the beginning of the membrane. This is emphasize the 
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most important part of the electron flow entering the cathode has to be also conductive 
across the whole cathode layer before they can react with species (oxygen and protons). 
Therefore, the thickness of the catalyst layer is one of the critical parameters at the fuel 
cell experiment. 
 
 
Figure 4-8 MEA the thickness of the electrodes and Nafion.                                                    
 
4.2.1 Nafion Pretreatment for the MEA 
 
Commercial Nafion 115 membrane that’s thickness is 127 micrometers needs 
pretreatment for functionalism the membrane itself. There are several steps at Nafion 
pretreatment processes. As depicted Figure 4-9, first Nafion membrane put in the 5% 
H2SO4 solution for 1 hour at 80oC(a). Then it washes with DI water and boils it at DI 
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water and 5% H2SO4 at 80oC, respectively (b-d). Later, wash it with DI water (e). After 
boiling the membrane in DL water for 1 hour, store it in the glass jar with DI water (f). 
 
 
Figure 4-9 Nafion 117 pretreatment steps 
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4.3 Fuel Cell Test System 
 
 This section explains the experimental system of the PEM fuel cell. A PEM fuel 
cell is a sandwiched type of structure that is polymer membrane between anode and 
cathode catalyst layers. Bipolar plates are connected to the cell to form the fuel cell stack 
for the testing the system. The bipolar plates are designed to provide the gas flow 
channels on both sides of the plates. Moreover, it is used to electron transfer between 
MEA and end plates. It is also advancing the mechanical properties of the fuel cell. The 
flow channels are designed to remove the excessive amount of the water to avoid 
flooding that may block the gas flow. Also, bipolar plates should provide enough 
hydration for proton transfer between anode to cathode. End plates are the electrical 
connection surfaces between bipolar plates to external circuit. 
  
 
Figure 4-10 MEA and PEM fuel cell configuration 
Bipolar Plates 
MEA 
End Plates 
Gasket 
  32 
 A schematic illustration of the fuel cell is shown in Figure 4-11. The system is 
made of a single fuel cell, two bubblers and flow meters, gas cylinders (hydrogen and 
oxygen). Heater and the thermocouple (TC) use for keep the temperature of the fuel cell 
constant at 80oC through the fuel cell. 
 
 
Figure 4-11 Schematic illustration of the fuel cell test system 
 
Table 1 Parameter of the fuel cell test system 
Catalyst	layer	 Temp.	 (℃)	 Pressure	 (Bar)	
Fe-CNT-PA	 Tubing	&	cell	temp.	(℃)	 80	 Cathode	pressure	(bar)	 2.8	
Pt/C	 Hydrogen	(cc/min)	 200	 Anode	pressure	(bar)	 2.8	
	 Oxygen	(cc/min)	 600	 	 	
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Figure 4-12 Single-stack PEM fuel cell test system 
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5 RESULTS AND DISCUSSION 
 
 In this chapter, experimental results are illustrated. Firstly, the electrochemical 
test results are explained, and then fuel cell measurements are investigated. 
5.1 Electrochemical Test Results 
 
 Cyclic voltammetry tests are done with same amount (5 mg/cm2) of Pt/C and Fe-
CNT-PA catalysts on the carbon papers surface. Figure 5-1 is depicted there is a big 
peak density of current of the catalyst which illustrates high surface area of the catalyst 
and advancing transportation of the oxygen through the catalyst layer compare the 
commercial catalyst. 
 
 
Figure 5-1 Cyclic voltammetry performances in 0.5 mole H2SO4 
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 The catalytic activity of Fe-CNT-PA was tested with various compositions, 
which affect the electrical conductivity of the sample. Sample tested in 0.5 M H2SO4 
electrolyte with 100sccm O2 flow. From the figure 5-2, the performance of the Fe-CNT-
PA with 10% wt of multi wall carbon nanotubes (MWCNT) was found the best in acidic 
ambient. At lower densities of current, kinetics of the electrons is dominated and at the 
higher current densities mass transfer is dominated.  
 At the kinetic dominated region, pure region is corresponded to the linear area of 
the Tafel plot. Due to high kinetic affect bulk solution mass transport has no influence at 
the current. The current, which is one sixth of the total current at the plot, is low 
according to several of researches[46].At the mass transport dominated region, current 
will be increase with the rotation rate.  
 
 
 
Figure 5-2 ORR performance of the samples above in 0.5 M H2SO4 at 1600 rpm 
Mass transport  
Controlled region 
Mixed region 
Kinetic  
Controlled  
Region 
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Table 2 Elemental composition of the Fe-CNT-PA and Pt/C catalyst for RDE test 
 
 
 The proposed Fe-CNT-PA catalyst tested at a homemade fuel cell testing system. 
Pure H2 and O2 gases were used without any part of humidification. The fuel cell voltage 
(V)/ current density curves have been taken at temperature at 80oC. Pt/C catalyst (0.5 
mgPtcm-2) use for the comparison at cathode; both sides of the fuel cell’s gas pressure are 
2.8 bar. All tests used the commercial Pt/C anode that is loaded 0.5 mgPtcm-2. 
 
 
Figure 5-3 The EIS spectrum at of the catalyst coated fuel cell equivalent circuit in 
the Nyquist form. The angular frequency varies from 0.07 to 5x105 rad/s. 
 
Sample'name' Loading'weight''
(mg/cm2)'
Fe7CNT7PA'
(wt%)'
Nafion'
(wt%)'
Carbon'black'
(wt%)'
MWCNT'
(wt%)'
SWCNT'
(wt%)'
1' 5' 60' 30' 10' 7' '
2' 5' 70' 20' 7' 10' '
3' 5' 60' 30' 7' 10' '
4' 8.3' 60' 30' 7' 10' '
5' 8.3' 60' 30' 7' 7' 10'
'
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 Figure 5-3 illustrated the Nyquist form of the impedance spectra; the real 
impedance versus imaginary impedance part is shown at the figure. It shows the 
alternative current response at the angular frequency varies from 0.07 to 5x105 rad/s. The 
beginning of the semi-circle is the ohmic resistance release on the x-axis at higher 
frequency ranges. The diameter of the semi-circle illustrates the charge transfer 
resistance, which is related to kinetics of the reaction. From the plot, starting point of the 
high frequency for Pt/C catalyst is 9 ohm and for the Fe-CNT-PA is 26 ohm. The 
diameter of the semi-circles of Pt/C and Fe-CNT-PA are 104 ohm and 93 ohm, 
respectively. From these results, it is clear the porous structure of the Fe-CNT-PA is 
advancing the reaction kinetic. On the other hand it has a big ohmic resistance due to its 
thickness of the catalyst layer. 
5.2 Fuel Cell Test Results 
 
 Fuel cell polarization plot for Fe-CNT-PA catalyst and PANI-delivered catalysts, 
whose loading weight are 8 and 4 mg/cm2   for comparison are illustrated in Fig 5-4. The 
best performance reaches with PANI-FeCo-C, which is mixed metal catalyst[23].  
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Figure 5-4 I/V curves at 80OC for the fuel cell where the red line is commercial 
Pt/C, the blue line is Fe-CNT-PA with MWC that is compared with Science, 2011. 
332(6028): p. 443-447 [23] the dark blue line is PANI-FeCo-C, the yellow line is 
PANI-C and the grey line is PANI-Co-C.  
 
 Overall performance of the non-precious catalyst is low compared the 
commercial Pt/C. From the results of the fuel cell, Fe-CNT-PA catalyst reaches the 
activity of state-of-art as Pt/C catalyst cathode side. However, its performance at lower 
potential is lower. This is caused by several reasons: 
I. Catalyst ink preparation, architecture and coating have not been optimized. From 
the optical microscopes images, surface cracks are obvious on the coated side of 
the cathode electrode. It causes different activity of the catalyst that affect the 
performance[47, 48]. 
These problems can be solved in several ways; 
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a) Using a better coating method or better instruments to load the catalyst on the 
cathode surface. 
b) Preparation of the catalyst can be reconsider to increase catalyst activity. 
c) Improving the species transport characteristic of the Fe-CNT-PA catalyst. 
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6 CONCLUSION AND RECOMMENDATIONS 
 
 In this study, the catalytic activity of the Fe-CNT-PA catalyst is investigated 
through several electrochemical tests and with fuel cell experiments. While preparing the 
MEA for the fuel cell test, several coating methods are also investigated to find most 
suitable one for our case. Drop casting is chosen as coating methods due to coating by it 
is more easer and faster than all of aforementioned methods (rolling, dipping, syringe, 
spray gun).  Each steps of the MEA preparation and assembly it to fuel is clearly defined 
at this thesis. Experimental part of this thesis has targeted testing the Fe-CNT-PA rather 
than synthesis the catalyst itself. Electrochemical results indicate it is a promising 
catalyst for ORR due its porous structure, but the process has to advancing to increase 
the activity of the catalyst. By increasing the kinetic activity of the catalyst, less catalyst 
ink may use to coat it on the top of the carbon paper, which causes thinner layer and less 
resistance.  
 Further study should be dedicated to advancing the coating method and 
increasing the activity of the catalyst by advancing the architectural structure of the 
catalyst. It is a promising catalyst is not only for PEM fuel cell but lots of other fuel cells 
and battery application. 
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